Excessive signalling by excitatory neurotransmitters like glutamate and ATP can be deleterious to neurons and oligodendroglia, and cause disease. In particular, sustained activation of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainate and N-methyl-D-aspartate (NMDA) receptors damages oligodendrocytes, a feature that depends entirely on Ca 2+ overload of the cytoplasm and that can be initiated by disruption of glutamate homeostasis. Thus, inhibition of glutamate uptake by activated microglia can compromise glutamate homeostasis and induce oligodendrocyte excitotoxicity. Moreover, non-lethal, brief activation of kainate receptors in oligodendrocytes rapidly sensitizes these cells to complement attack as a consequence of oxidative stress. In addition to glutamate, ATP signalling can directly trigger oligodendrocyte excitotoxicity via activation of Ca 2+ -permeable P2X7 purinergic receptors, which mediates ischaemic damage to white matter (WM) and causes lesions that are reminiscent of multiple sclerosis (MS) plaques. Conversely, blockade of P2X7 receptors attenuates post-ischaemic injury to WM and ameliorates chronic experimental autoimmune encephalomyelitis, a model of MS. Importantly, P2X7 expression is elevated in normal-appearing WM in patients with MS, suggesting that signalling through this receptor in oligodendrocytes may be enhanced in this disease. Altogether, these observations reveal novel mechanisms by which altered glutamate and ATP homeostasis can trigger oligodendrocyte death. This review aims at summarizing current knowledge about the mechanisms leading to WM damage as a consequence of altered neurotransmitter signalling, and their relevance to disease. This knowledge will generate new therapeutic avenues to treat more efficiently acute and chronic WM pathology.
Introduction
White matter is unique as opposed to grey matter in that it mostly contains axons and glial cells supporting their correct functioning. Macroglial cells in white matter (WM) are also diverse as astrocytes have a fibrous morphological phenotype and it bears the majority of oligodendrocytes. In humans, WM comprises about half of the CNS volume, which is about a three-fourfold greater proportion than in other mammals, including those typically used for animal experiments (Zhang & Sejnowski, 2000) . This feature may have misrepresented the importance of WM damage to the outcome of CNS diseases in humans.
White matter damage typically involves primary or secondary disruption of axons, which leads to the impairment of motor and sensory functions, behaviour and cognition (Filley, 2001; Desmond, 2002) . Intriguingly, WM cells and axons possess the molecular machinery to signal by means of neurotransmitters (Stys, 2005; Butt, 2006; Constantinou & Fern, 2009; Matute, 2010) , a property whose functional significance remains elusive. Yet, it is now well established that excessive neurotransmitter signalling is deleterious to WM and that it can trigger disease and ⁄ or contribute to its progression. In this review, I summarize progress in the understanding of the mechanisms by which neurotransmitters cause structural and functional damage to WM, and emphasize the case of glutamate and ATP, two major excitatory transmitters that can act as potent neurotoxins.
Glutamate signalling in WM glia and axons
The major intermediaries of glutamate signalling are glutamate receptors (GluRs) and glutamate transporters (GluTs).
Glutamate activates ionotropic and metabotropic receptors (for reviews, see Dingledine et al. 1999; Cull-Candy & Leszkiewicz, 2004; Swanson et al. 2005) , which are expressed in glial cells in grey (for reviews, see Belachew & Gallo, 2004; Kettenmann & Steinhä user, 2005; Matute et al. 2006; Verkhratsky & Kirchhoff, 2007; Bakiri et al. 2009 ) and in WM (reviewed in Matute, 2010) . In particular, cells of the oligodendrocyte lineage express functional a-amino-3-hydroxy-5-methyl4-isoxazolepropionic acid (AMPA) and kainate type receptors throughout a wide range of developmental stages and species, including humans (Matute et al. 2007a ). In addition, immature and mature oligodendrocytes express N-methyl-D-aspartate (NMDA) receptors, which can be activated during injury (Ká radó ttir et al. 2005; Salter & Fern, 2005; Micu et al. 2006 ; reviewed in Matute, 2006) . Moreover, oligodendrocytes also express receptors of all three groups of metabotropic GluRs, but their levels are developmentally regulated and are very low in mature cells of this lineage .
Glutamate uptake from the extracellular space by specific GluTs is essential for the shaping of excitatory postsynaptic currents and for the prevention of excitotoxic death due to overstimulation of GluRs (Rothstein et al. 1996) . At least five GluTs have been cloned (Danbolt, 2001; Huang & Bergles, 2004) . Of these, glutamate transporter 1 (GLT-1, also named as EAAT2) exhibits the highest level of expression, and it is responsible for most glutamate transport (Danbolt, 2001) . GluTs are expressed by astrocytes and oligodendrocytes. The main transporter expressed by oligodendrocytes is glutamate aspartate transporter (GLAST; also named as EAAT1). The neuronal transporter, termed excitatory amino acid carrier 1 (EAAC1 or EAAT3), is present in a subpopulation of adult oligodendrocyte progenitor cells (Domercq et al. 1999) . It thus appears that all macroglial cells differentially express the three major GluTs present in the CNS. These transporters maintain basal levels of extracellular glutamate in the range of 1-2 lM, and thus prevent overactivation of GluRs under physiological conditions. In turn, GluTs can contribute to glutamate release in WM by reversal of Na + -dependent glutamate transport during depolarization (Domercq et al. 1999; Li et al. 1999) .
Ionotropic GluRs expressed in glial cells have similar properties to their neuronal counterparts. However, the fact that these receptors are edited to a lesser extent in the WM, and that AMPA receptors in oligodendrocytes do not have GluR2 subunits, suggest that they have a higher Ca 2+ permeability than those present in grey matter (Matute et al. 2006) . In turn, NMDA receptors are expressed in WM oligodendrocytes at all developmental stages, and their activation generates a membrane depolarization and a rise in cytosolic Ca 2+ (Bakiri et al. 2009 ). Interestingly, NMDA receptors are expressed in clusters on oligodendrocyte processes and myelin, whereas AMPA and kainate receptors are diffusely located on oligodendrocyte somata (Ká radó ttir et al. 2005; Salter & Fern, 2005; Micu et al. 2006) . In addition, oligodendrocytes also express all three subtypes of mGluRs, but their levels are developmentally regulated and are very low in mature cells of this lineage . However, little is still known about the specific properties of ionotropic and metabotropic GluRs expressed on WM astrocytes and microglia (Matute et al. 2006) . In addition to glial cells, axons are also endowed with GluRs and GluTs. Thus, axons in the dorsal column of the spinal cord are depolarized via activation of AMPA receptors (Ouardouz et al. 2006) . In turn, they can be damaged by overactivation of AMPA ⁄ kainate receptors (Matute, 1998; Fowler et al. 2003) and protected by blockers of these receptors in models of WM injury (Pitt et al. 2000; Tekkö k & Goldberg, 2001) . In axons, native AMPA receptors are formed by the GluR4 subunit, and kainate receptors are composed of at least GluR5 and GluR6 subunits, which in all instances are located in the internodes (Ouardouz et al. 2009a,b) . Moreover, axon demise may also be secondary to oligodendrocyte loss by excitotoxicity and the ensuing demyelination rather than by activation per se of GluRs in axons.
Axons release glutamate during electrical activity and in pathological conditions by reversal of Na + -dependent glutamate transport (Li et al. 1999; Bakiri et al. 2009 ). The major GluT expressed by axons is GLT-1, though some significant levels of GLAST are also present (Li et al. 1999) . Other factors that contribute to glutamate homeostasis include the glutamate-producing enzyme glutaminase, which is present in oligodendrocytes and microglia (Domercq et al. 1999; Werner et al. 2001) , as well as the glutamate-cystine exchanger xCT ) expressed in microglia (Domercq et al. 2007 ). The function and levels of glutaminase and xCT ) exchanger is altered in activated microglia during inflammation, which in turn alters GluT function, all resulting in disrupted glutamate homeostasis and excitotoxicity (Matute, 2010) . Axonal AMPA receptors are weakly permeable to Ca 2+ , the entry of which in turn releases further Ca 2+ from the axoplasmic reticulum by opening intracellular Ca 2+ channels known as ryanodine receptors (Ouardouz et al. 2009a ). In contrast, axonal kainate receptors with the GluR5 subunit are coupled to phospholipase C activation (Ouardouz et al. 2009a ). In addition, activation of kainate receptors with the GluR6 subunit induces a small amount of Ca 2+ entry that stimulates nitric oxide synthase, as well as a local depolarization which activates L-type Ca 2+ channels and subsequently ryanodine receptors in the axoplasmic reticulum (Ouardouz et al. 2009b ). The functional significance of these signalling mechanisms by GluRs in axons is unknown, but they may serve to amplify axonal Ca 2+ signals that seem to be weak because of the limited quantity of cation available in the narrow space (Ouardouz et al. 2009b ). In turn, high local concentrations of Ca 2+ generated by these receptors may result in focal swellings and irreversible axonal transections (Ouardouz et al. 2009b ).
Finally, axons are competent sources of neurotransmission within WM as they form functional synapses with NG2 glial progenitors (Kuckley et al. 2007; Ziskin et al. 2007 ). Thus, action potentials induce vesicular release of glutamate from unmyelinated axons of the corpus callosum, which activate AMPA receptors during development and in the mature brain. Consequently, axonal transmitter release represents a widespread mechanism for activity-dependent signalling between axons and glial precursors in WM (Kuckley et al. 2007; Ziskin et al. 2007 ). Notably, NG2-expressing glia also is endowed with the synaptic protein synaptophysin, which suggests that they may also be capable of vesicular release and bidirectional communication with axons via their cellular contacts (Bakiri et al. 2009 ). To add to this complex mosaic of glutamate signals, axonalglial synapses may also be modulated by vesicular release of glutamate from astrocytes, as observed in classical synapses between neurons (Volterra & Meldolesi, 2005) .
Glutamate signalling in WM pathology
White matter, like grey matter, is vulnerable to glutamate insults resulting from deregulation of glutamate homeostasis. I summarize below current evidence regarding the specific mechanisms linking glutamate dyshomeostasis to glial cell death and axonal damage, and its relevance to human diseases involving WM (Table 1) .
Glutamate excitotoxicity
Prolonged activation of AMPA, kainate and NMDA receptors causes oligodendrocyte death and primary and ⁄ or secondary myelin destruction. A central event to this process is Ca 2+ influx upon receptor activation and the ensuing accumulation of this cation within mitochondria, which leads to depolarization of this organelle, increased production of radical oxygen species, and release of proapoptotic factors that activate caspases (Verkhratsky et al. 1998; Matute et al. 2006) . The types of oligodendrocyte death induced by activation of AMPA and kainate receptors depend on the intensity and duration of the excitotoxic insult. Notably, the molecular cascades initiated by AMPA and kainate receptors are not identical, indicating that different intracellular domains are involved in executing the death program triggered by these receptors (Matute et al. 2007a ). In particular, insults channelled through kainate receptors activate caspases 9 and 3 leading to apoptosis. In contrast, those activating AMPA receptors induce apoptosis by recruiting caspase 8, which leads to the truncation of the Bid protein. This in turn activates caspase 3 and PARP-1 polymerase, or cause necrosis (Sá nchez-Gó mez et al. 2003; Matute et al. 2006) . The mechanisms triggered by NMDA receptor-mediated insults to oligodendrocytes have not been studied in detail yet. Glutamate uptake is crucial to terminate glutamate signalling in WM and to prevent excitotoxicity. Thus, inhibition of glutamate uptake in pure cultures of oligodendrocyte increases glutamate levels and causes excitotoxicity, which is prevented by AMPA and kainate receptor antagonists (Domercq et al. 2005) . Furthermore, inhibition of GluT function and ⁄ or expression in axonal tracts in vivo leads to oligodendroglial loss, massive demyelination and severe axonal damage ( Fig. 1 ; Domercq et al. 2005) . Therefore, the integrity of WM depends on proper GluT function and, conversely, its deregulation may contribute to acute and chronic WM damage.
Other factors that may contribute to perturbing glutamate homeostasis include altered activity of the glutamate-producing enzyme glutaminase in activated macrophages ⁄ microglia in close proximity to dystrophic axons (Werner et al. 2001 ) and reduced expression of the glutamate transporters EAAT-1 and EAAT-2 in oligodendrocytes as a consequence of enhanced exposure to the proinflammatory cytokine TNF-a (Pitt et al. 2003) . Overall, these alterations likely lead to high extracellular glutamate levels and an increased risk of oligodendrocyte excitotoxicity in multiple sclerosis (MS).
Stroke and perinatal ischaemia
Injury of central WM is a major cause of functional disability in cerebrovascular disease (Goldberg & Ransom, 2003) . Damage to WM as a consequence of hypoxic-ischaemic injury occurs in periventricular leukomalacia (PVL) in the neonatal period, stroke and cardiac arrest in adults, as well as in vascular dementia in the aging brain. Indeed, the metabolic rate of WM is only modestly lower than that of grey matter, and animal studies suggest that WM can be damaged even by brief ischaemia (Pantoni et al. 1996) . Energy supply failure during ischaemia results in ion gradient break down, membrane depolarization and ultimately leads to Ca 2+ overload of the cytosol, which activates Ca 2+ -dependent enzymes such as calpains, phospholipases and other enzymes resulting in irreversible damage of WM glia and axons (Stys, 2004) .
Immature and differentiated oligodendrocytes in vitro are the most sensitive cells of the WM to transient oxygen and glucose deprivation (Fern & Mö ller, 2000 ; reviewed in Matute et al. 2006) . In both instances, cell death is prevented in the absence of Ca 2+ or by AMPA ⁄ kainate receptor antagonists, but not by the blockade of other potential sources of Ca 2+ influx, which suggests that Ca 2+ entry through the receptor channel is sufficient to initiate cell demise. Notably, simulated ischaemia induces an inward current in oligodendrocytes in situ, which is partly mediated by NMDA and AMPA ⁄ kainate receptors (Ká radó ttir et al. 2005) . In addition, Ca 2+ levels also increase in myelin itself during ischaemia, an effect that is abolished by broadspectrum NMDA receptor antagonists, causing ultrastructural damage to both axon cylinders and myelin (Micu et al. 2006) . Taken together, these results using in vitro models simulating ischaemia confirm earlier findings suggesting that AMPA and NMDA receptor blockade protects from post-ischaemic damage to both grey matter and WM following temporary focal occlusion (Schä bitz et al. 2000; McCracken et al. 2002) . White matter becomes intrinsically more vulnerable to ischaemia in older animals as the mechanisms of injury change as a function of age (Baltan et al. 2008 (Baltan, 2009 ). In turn, ischaemic WM injury in older mice is predominately mediated by glutamate release via reverse glutamate transport and the ensuing activation of AMPA ⁄ kainate-type GluRs (Baltan et al. 2008 ). Intriguingly, blockade of NMDA receptors aggravates the outcome of ischaemia in older animals (Baltan et al. 2008 ). Together, these findings clearly indicate that the mechanisms of ischaemic damage to WM involve Ca 2+ dyshomeostasis induced by excessive glutamate signaling, which is age-dependent. This important finding has profound consequences for the development of optimized age-specific therapies for the treatment of brain damage after stroke. Furthermore, novel approaches using conditional knockout mice (e.g. lacking NMDA receptors in oligodendrocytes) are required to clarify the apparent opposing roles of these receptors in ischaemia-mediated WM damage in young and old brains. Periventricular leukomalacia is the major neuropathological lesion in premature infants, and involves focal WM necrosis and subsequent hypomyelination. Its pathophysiology is multifactorial, and includes hypoxia-ischaemiainduced glutamate excitotoxicity, oxidative stress and inflammation (Volpe, 2009 ). Injury to oligodendrocyte progenitors caused in part by glutamate contributes to the pathogenesis of myelination disturbances in this illness (Back & Rivkees, 2004) . In the immature human brain, the susceptibility of developing oligodendrocytes to hypoxiaischaemia correlates with their expression of GluRs of the AMPA receptor subtypes on those cells in the immature human brain (Talos et al. 2006) , and systemic administration of AMPA receptor antagonists attenuates injury in a rat model of PVL (Follett et al. 2004 ). In addition, developing oligodendrocytes also express NMDA receptors, and their blockade with memantine attenuates oligodendrocyte loss and prevents the long-term reduction in cerebral mantle thickness in experimental PVL (Manning et al. 2008 ).
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Finally, ischaemic injury to axons is also a feature of PVL, and it occurs early in local and diffuse damage associated with this pathology (Haynes et al. 2008) . Interestingly, experimental ischaemia in immature axons produces action potential failure and focal breakdown of the axolemma of small premyelinated axons at sites of contact with oligodendrocytes processes, which are also disrupted (Alix & Fern, 2009 ). Axon damage is prevented by NMDA and AMPA ⁄ kainate receptor blockers, suggesting that glutamate receptor-mediated injury to oligodendrocyte processes in contact with premyelinated axons precedes disruption of the underlying axon (Alix & Fern, 2009 ).
MS
The major demyelinating disease of the CNS is MS, which is the foremost disabling pathology among young adults. MS is a chronic, degenerative disease of the CNS, which is characterized by focal lesions with inflammation, demyelination, infiltration of immune cells, oligodendroglial death and axonal degeneration (Prineas et al. 2002) . These cellular alterations are accompanied by neurological deficits, such as sensory disturbances, lack of motor coordination and visual impairment. It is widely accepted that the aetiology of this illness has autoimmune and inflammatory grounds, and that a derailment of the immune system leads to celland antibody-mediated attacks on myelin.
Both genetic and environmental factors contribute to MS susceptibility (Zamvil & Steinman, 2003) . Among them, primary and ⁄ or secondary alterations in glutamate signalling cause excitotoxicity that contribute to MS pathology. Thus, numerous studies carried out in cellular and animal models of MS as well as in post mortem brain and in patients indicate that excitotoxicity mediated by Ca 2+ -permeable GluRs contributes to oligodendrocyte death, demyelination and tissue damage in MS (Matute et al. 2001; Srinivasan et al. 2005; Vallejo-Illarramendi et al. 2006) . In particular, experimental autoimmune encephalomyelitis (EAE), an animal model that exhibits the clinical and pathological features of MS, is alleviated by AMPA and kainate receptor antagonists (Pitt et al. 2000; Smith et al. 2000) . Indeed, mice deficient in the kainate receptor subunit GluK2 are less susceptible to EAE (Pé rez-Samartín et al. 2009). Remarkably, blockade of these receptors in combination with antiinflammatory agents is effective even at an advanced stage (Kanwar et al. 2004 ). Importantly, a recent genome-wide association screening study identified associated alleles in AMPA receptor genes in patients with MS showing highest levels of glutamate and brain volume loss (Baranzini et al. 2010) . These findings provided a novel quantitative endophenotype that may contribute to clarify the pathophysiology of the heterogeneity of clinical expression in MS.
In contrast, blockade of NMDA receptors with MK-801 does not attenuate EAE symptoms (Matute, 2010) , an event that calls into question the proposed relevance of NMDA receptors in demyelinating diseases (Bakiri et al. 2009 ). EAE experiments carried out in genetically modified mice lacking NMDA receptors specifically in oligodendrocytes may help clarify this issue.
Glutamate levels are increased in the human brain (Srinivasan et al. 2005 ) as a consequence of altered glutamate homeostasis (Vallejo-Illarramendi et al. 2006 ) and, thus, trigger excitotoxic destruction of oligodendrocytes and myelin as well as of axons (Domercq et al. 2005) . Glutamate dyshomeostasis results from primary and ⁄ or secondary inflammation as a consequence of the autoimmune attack to the CNS and ⁄ or resulting from ongoing cell damage within the brain and spinal cord. Thus, activated microglia releases cytokines and free radicals that diminish glutamate uptake. This in turn elevates the extracellular levels of this transmitter, resulting in overactivation of Ca 2+ -permeable GluRs, which leads to oligodendrocyte excitotoxicity (Domercq et al. 2007 ). Moreover, activated microglia increases their expression of the glutamate-cystine exchanger, which contributes further to raising the levels of glutamate and its toxicity (Domercq et al. 2007 ). Other mechanisms accounting for glutamate dyshomeostasis include genetic variability in the promoter of the major glutamate transporter, EAAT2, which results in lower transporter expression (Pampliega et al. 2008) . Finally, an additional component of the genetic background linking MS and deregulation of glutamate signalling may lie in a polymorphism in the Ca 2+ -permeable AMPA receptor subunit GluR3, an abundantly expressed subunit in oligodendrocytes, which is associated with a subgroup of patients responding to interferon beta therapy in MS (Comabella et al. 2009 ).
Glutamate at non-toxic concentrations also contributes to demyelinating pathology by inducing oligodendrocyte death via sensitization of these cells to complement attack (Alberdi et al. 2006) . Intriguingly, complement toxicity is induced by activation of kainate, but not of AMPA, NMDA or metabotropic GluRs. Oligodendrocyte death by complement requires the formation of the membrane attack complex, which in turn increased membrane conductance, induced Ca 2+ overload and mitochondrial depolarization as well as a rise in the level of reactive oxygen species (Alberdi et al. 2006) . Sensitization by glutamate to complement attack may initiate MS lesions with massive oligodendrocytes apoptosis, as described earlier (Barnett & Prineas, 2004) .
Spinal cord injury (SCI)
Traumatic injury to the CNS inevitably involves damage to WM, and causes primary mechanical destruction of glia and axons. In addition, secondary impairment of tissue occurs as a consequence of a prolonged pathological response involving chronic inflammation, microglial activation and astroglial scar formation, which can ultimately result in the development of a large cavity at the site of the lesion and persistent functional deficits (Dumont et al. 2001) . In particular, acute traumatic SCI results in a devastating loss of neurological function below the level of injury. The pathobiology of SCI involves a primary mechanical insult to the spinal cord and activation of a delayed secondary cascade of events, which ultimately causes progressive degeneration of the spinal cord. Whereas cell death from the mechanical injury is predominated by necrosis, secondary injury events trigger a continuum of necrotic and apoptotic cell death mechanisms, which include glutamate excitotoxicity (Park et al. 2004; Baptiste & Fehlings, 2006) . Thus, tissue destruction after SCI leads to the release of high levels of glutamate, which cause Ca 2+ -dependent excitotoxic damage to WM astrocytes, oligodendrocytes and myelin, but not to axons (Li & Stys, 2000) . In particular, the density of oligodendrocytes declines in the next few hours after injury, and oligodendroglia show caspase-3 activation and other apoptotic features (Xu et al. 2008 ).
ATP signalling in WM glia and axons
Glial cells also express a heterogeneous repertoire of ATP receptor, including an ample variety of ionotropic (P2X) and metabotropic (P2Y) purinergic receptor subtypes (Table 1; Butt, 2006; Verkhratsky et al. 2009 ). ATP-gated P2X channels are formed by P2X1-P2X7 subunits and have marked Ca 2+ permeability. Activation of P2X1 and P2X3 results in fast, rapidly desensitizing currents. In contrast, P2X7, and also P2X2 and P2X4, are capable of a conformational change, which results in larger pore diameter following prolonged exposure to ATP. Astrocytes express most of the P2X and P2Y receptor subtypes whose activation mediates signalling through the astrocyte syncytium (James & Butt, 2002; Fields & Burnstock, 2006) . In particular, activation of P2X7 receptors in astrocytes increases [Ca 2+ ] i and causes the release of purines. Optic nerve astrocytes also express a variety of P2X receptors, which are highly permeable to Ca 2+ , and of P2Y receptors, which mobilize this cation from intracellular stores (James & Butt, 2002) , as reported in grey matter astrocytes.
Cells of the oligodendrocyte lineage are endowed with P2X (Table 2) and P2Y receptors, which can act as media-tors of axo-oligodendroglial communication related in myelination control. In particular, ATP induces a rise in cytosolic Ca 2+ in oligodendrocytes by activating ionotropic P2X7
receptors (James & Butt, 2002; Matute et al. 2007b ) and metabotropic P2Y receptors (Kirischuk et al. 1995; James & Butt, 2002) . Moreover, mature oligodendrocytes of the optic nerve express most of the P2X receptor subtypes, with the P2X7 subtype being the most predominant; this is located in the oligodendrocyte soma and in the myelin sheath (James & Butt, 2002; Matute et al. 2007b ). P2X receptors with higher affinity may be activated by ATP released during axonal electrical activity and from astrocytes (Butt, 2006) . In contrast, the functional significance of lower affinity P2X7 receptors in oligodendrocytes is not known, as unusual high concentrations of ATP in the extracellular space are needed to activate them. However, in pathological conditions, ATP levels may rise sufficiently upon tissue damage to stimulate P2X7 receptors and therefore they may be relevant to acute and chronic injury to WM (Matute et al. 2007b) . Indeed, sustained activation of P2X7 receptors in oligodendrocytes in vitro and in vivo results in overload of the cytosol with Ca 2+ , caspase-3 activation and chromatin condensation and cell death (Matute et al. 2007b) .
Microglia expresses several P2X and P2Y receptors, which act as sensors of astrocyte activity and trigger cytokine release (Fä rber & Kettenmann, 2006; Fields & Burnstock, 2006) . In particular, microglial P2X7 receptors drive microglial activation and proliferation (Monif et al. 2009 ), and are functionally linked to the release of several substances including pro-inflammatory cytokines, such as interleukin1b, which influence pathological processes and promote neurodegeneration (Fä rber & Kettenmann, 2006) . Moreover, ATP is a potent immunomodulator controlling microglial recruitment and activation (Davalos et al. 2005; Nimmerjahn et al. 2005 ) by acting at P2Y12 receptors to induce microglial chemotaxis at early stages of the response to local CNS injury (Haynes et al. 2006) .
Consequently, activation of purinoceptors and in particular P2X7 receptors by ATP can cause primary and ⁄ or secondary damage to WM, and is an important component of the glial response to injury in the CNS.
ATP signalling in WM pathology
Purinergic signalling is relevant to neuroinflammation, which arises in the CNS from a number of neurodegenerative diseases, as well as from ischaemic and traumatic brain injuries (Friedle et al. 2010) . These pathologies give rise to increased levels of extracellular adenine nucleotides, which, via activation of a variety of cell surface P2 purinergic receptors, influence the inflammatory activities of responding immune cells. In particular, the P2X7 receptor potentiates the release of pro-inflammatory cytokines, such as interleukin (IL)-1b from microglia and induces cell death. Accordingly, neuroprotective properties of classical and novel selective and non-selective antagonists of P2X7 receptors have been observed in various cellular and animal models of CNS disorders to which excessive inflammatory activities contribute (reviewed in Friedle et al. 2010) .
On the other hand, little is known about the relevance of ATP damage as a primary event in the pathophysiology of acute and chronic diseases. However, the release of ATP from dying cells may well contribute as a secondary mechanism to aggravate the extent of ongoing damage in numerous pathological conditions (Matute et al. 2007b) .
White matter, like grey matter, is vulnerable to excessive ATP signalling. This section summarizes specific mechanisms by which ATP damages WM glia and axons, and its relevance to human diseases involving WM (Table 1) .
Mechanisms of P2X7 receptor-mediated cell death
ATP, when in excess, is a potent endogenous toxin that can directly kill oligodendrocytes via activation of P2X7 receptors (Matute et al. 2007a,b) . ATP excitotoxicity in oligodendrocytes is Ca 2+ -dependent, and induces cell death by apoptosis or necrosis depending on the intensity of the insult. In addition, P2X7 receptor engagement activates several second messenger and enzyme cascades. In macrophages ⁄ monocytes and microglia, P2X7 receptor stimulation rapidly activates c-Jun N-terminal kinases 1 and 2, extracellular signal-regulated kinases, and p38 MAPK (reviewed in Skaper et al. 2010) . Transcription factors such as nuclear factor-jB, nuclear factor of activated T-cells, cyclic AMP response element-binding protein and activator protein 1, whose activation and nuclear translocation are associated with the expression of inflammatory genes, are also activated by P2X7 receptors in microglia. Moreover, stimulation of P2X7 receptors involves Ca 2+ signalling and increases protein tyrosine phosphorylation, ultimately leading to MAPK pathway activation (reviewed in Skaper et al. 2010 ).
Stroke and perinatal ischaemia
Earlier findings in experimental transient cerebral ischaemia suggested that P2X7 receptors are not primary mediators of experimentally induced neuronal death, while antagonists of the IL-1 receptor proved to be beneficial (Le Feuvre et al. 2003) . However, P2X7 upregulation appears to be an event associated to ischaemia in experimental models (e.g. Cavaliere et al. 2004; reviewed in Sperlá gh et al. 2006) . In turn, brief oxygen deprivation causes a decline on brain intracellular ATP levels with a concomitant efflux of ATP into the extracellular space (Volonté et al. 2003) , which can activate microglia in the vicinity of the site of injury (Honda et al. 2001) . Consistent with that idea, ATP acting at P2X7 receptors in microglia is deleterious to cultured neurons as a consequence of oxidative stress, an effect that is absent in microglia lacking those receptors (Skaper et al. 2010 ). These observations suggest that P2X7 receptor activation on microglia is critical for microglia-mediated damage. Perinatal ischaemia triggers, in addition to glutamate excitotoxicity (see above), lethal activation of P2X7 receptors in oligodendrocyte precursors (Wang et al. 2009 ). Thus, oligodendrocytes precursors express P2X7 receptors whose levels are reduced after oxygen-glucose deprivation in vitro and neonatal hypoxic-ischaemic injury, which suggested a role for this receptor in the pathophysiology of hypoxic-ischaemic brain injury (Wang et al. 2009 ). Indeed, ischaemia triggers in oligodendrocytes an inward current and cytosolic Ca 2+ overload, which is partially mediated by P2X7 receptors (Domercq et al. 2010) . P2X7 receptors in oligodendrocytes are activated, at least in part, by ATP released through pannexin channels opening during oxygen and glucose deprivation. This leads to mitochondrial depolarization as well as oxidative stress culminating in oligodendrocyte death, which is attenuated by P2X7 receptor antagonists, by the ATP-degrading enzyme apyrase and by blockers of pannexin hemichannels (Domercq et al. 2010) . Likewise, these drugs ameliorate structural and functional damage to axonal tracts ( Fig. 2 ; Domercq et al. 2010) . These data indicate that ATP is released during ischaemia, and that the subsequent activation of P2X7 receptor appears to be relevant to WM demise during stroke.
MS
White matter damage, including oligodendrocyte death, demyelination and axonal damage are hallmarks of MS. As mentioned above, ATP signalling can trigger oligodendrocyte excitotoxicity via activation of Ca purinergic receptors expressed by these cells. Importantly, sustained activation of P2X7 receptors in vivo causes lesions that are reminiscent of the major features of MS plaques, and treatment with P2X7 antagonists of chronic EAE reduces demyelination and ameliorates the associated neurological symptoms ( Fig. 3 ; Matute et al. 2007b ). These results are in line with data in P2X7 null mice showing that this deficiency suppresses the development of EAE (Sharp et al. 2008) , and at odds with earlier observations indicating that the lack of P2X7 receptors aggravates EAE (Chen & Brosnan, 2006) and our own unpublished data. These apparent discrepancies may be caused by the different strains and knockout mice used, and to solve this issue will require the development of conditional P2X7 receptor knockout mice missing this transcript in specific glial cell populations. In turn, the availability of these technical resources would overcome the problem of interfering with the immune system whereby P2X7 receptors may be relevant intermediaries of the response to myelin antigens in EAE.
In addition, P2X7 RNA and protein levels are elevated in normal-appearing axon tracts in patients with MS, suggesting that signalling through P2X7 receptors in oligodendroglia is enhanced in this disease, which may render this cell type more vulnerable to ATP dysregulation (Matute et al. 2007b ). The increased expression of P2X7 receptors in axon tracts before lesions are formed indicates that this feature may constitute a risk factor associated with newly forming lesions in MS; this receptor subunit may thus prove to be a diagnostic and ⁄ or prognostic clinical biomarker for MS. On the other hand, blockade of ATP P2X7 receptors protects oligodendrocyte from dying; this property has therapeutic potential for halting the progression of tissue damage in MS.
SCI
ATP, which is also present at high levels in the extracellular space after traumatic CNS damage, may cause Ca 2+ -dependent gliotoxicity either directly by activating P2X receptors or after degradation to adenosine and subsequent activation of P1 purinergic receptors (Verkhratsky et al. 2009 ), but the later putative deleterious effects on WM have not yet been demonstrated to occur after SCI. Thus, SCI is associated with prolonged P2X7 receptor activation and ensuing neuronal excitotoxicity . Strikingly, systemic administration of a P2X7 antagonist permeable to the blood-brain barrier ameliorates the motor behaviour of animals who had been subjected to spinal cord contusion, indicating that neuroprotection after injury can preserve function (Peng et al. 2009 ). Oligodendrocyte preservation by P2X7 receptor blockade in those experimental conditions may also be critical to attenuate WM destruction and the ensuing motor and sensory deficits.
Concluding remarks
White matter can be damaged by aberrantly enhanced glutamate and ATP signalling in acute and chronic diseases, including MS, ischaemia and traumatic injury. Oligodendrocytes, the major cell type in WM, display great vulnerability to overactivation of ionotropic glutamate receptors and of P2X7 purinoceptors. In addition, it is conceivable that axons, which express AMPA and kainate receptors, may undergo direct glutamate excitotoxicity. The proper functioning of glutamate uptake is critical to prevent glutamate-induced damage to WM, and drugs that regulate the function and expression of GluTs have the potential to attenuate glutamate insults. On the other hand, the control of ATP release and degradation during acute and chronic inflammation and also at early stages of post-ischaemic and post-traumatic injury may prove therapeutic.
Signalling by other neurotransmitters including acetylcholine and noradrenaline is also potentially harmful to WM at least in acute experimental settings (Domingues et al. 2010) . The underlying mechanisms of that damage are currently unknown, but the phenomena are consistent with the expression of nicotinic and adrenergic receptors in WM glia (Constantinou & Fern, 2009 ). Moreover, prolonged exposure to adenosine is also toxic to oligodendrocytes derived from optic nerve, an effect that is prevented by adenosine receptor antagonists (Gonzá lez-Ferná ndez et al. 2010) .
A deeper knowledge about the mechanisms leading to WM demise mediated by glutamate and ATP receptors, and by other neurotransmitters, will facilitate new pharmacological strategies for the treatment of CNS disorders in which WM is severely compromised.
